Enhancement of corrosion inhibition of copper by polyvinylpyrrolidone (PVP) upon application of a square wave potential regime to copper specimens was investigated. The results indicated a marked decrease of copper corrosion rate upon application of a square wave to copper specimens in PVP -containing solutions. The inhibition enhancement was found to increase when increasing PVP concentration, and with a larger time of exposure with application of the square wave potential regime. A 500 Hz frequency was the optimal frequency for promotion of inhibition by PVP. SEM micrographs revealed that application of the square wave converted the dendritic coverage of PVP to a more uniform layer of PVP at copper surface. The enhancement of corrosion inhibition by application of the square wave might be explained on basis of the enhanced adsorption of PVP onto copper surface by application of the square wave potential regime. Application of square wave potential regime apparently influences the PVP adsorption coverage at the copper surface.
Introduction
Square wave, in a sense, is a train of double-potential step experiments [1] . The double-potential step comprises a forward step and a reverse step, which means that it involves a process, and though not necessarily its reversal, in each complete cycle [2] . Applications of the square wave to induce changes at the electrode surface have been reported for more than two decades [2, 3, 4] . Preparation of preferentially oriented metallic surfaces by application of a square wave of potential regimes has been reported [2, 3, 4] , and their use for preparation of electrocatalysts has been reported too [2] . In our laboratory, we have proved the notion that square wave potential regimes can be used for elimination of some pollutants [5] , and desulfurization of thiophene as a model for sulfur compounds [6] . Later on, we have shown that square wave potential regimes with suitable parameters can be used for preparation of nano and microstructured metallic surfaces [7, 8] . Corrosion, on the other hand, is an electrochemical process [9] , and corrosion inhibition, to a great extent, depends on the surface coverage and the state on which the inhibitor exists at the surface of the metallic or alloy substrate [10] . Orientation or polymerization of the inhibitor at the metal surface may affect the rate of corrosion, i.e., promote corrosion resistance of the metal. Polyvinylpyrrolidone (PVP) is a nontoxic, environment friendly water soluble polymer [11] . These properties of PVP render this polymer an interesting material for green corrosion inhibition [12] . Moreover, polyvinylpyrrolidone exhibits the requirements that must be found in a typical inhibitor. PVP contains the oxazole moiety, an N-heterocycle, where N-heterocyclic compounds are well-known for their efficient inhibition of copper corrosion in a solution containing chloride [13] . Heteroatoms,  bonds and aromatic rings are three factors which contribute to the efficiency of the adsorption of N-heterocyclic compounds onto copper surfaces, and, consequently, corrosion inhibition of copper [14] . PVP, in addition to containing the oxazole moiety, is a polymer which facilitates the formation of a protective adsorbed layer on the surface copper by the inherent cross-linking of the oxazole, N-heteroatomic moieties [15] . Thus, the protective polyvinylpyrrolidone formed at the copper surface blocks the copper active sites and hinders the electrochemical communication between the solution and copper atoms [16] . For this reason, polyvinylpyrrolidone was chosen as a model for the inhibitor, while copper was chosen as the model for a corroding metal for the exploration of the effect of the application of square wave potential regimes on the rate of copper corrosion.
Experimental section Instruments, cells and materials A potentiostat (273, Princeton Applied Research) interfaced to a computer via GPIB interface (IEEE), along with M270 software (Princeton Applied research), was used for data acquisition and experiment control. This potentiostat was used for obtaining the cyclic voltammetric data and performing the potentiodynamic polarization measurements. A conventional H-shape electrochemical cell equipped with a multiple inlet/outlet system for admission of supporting electrolyte, purging and blanketing the solution with oxygen-free nitrogen, was used. The reference electrode was an Ag/AgCl/ [Cl -] = 1.0 M, and all the reported potentials were measured and referenced to this electrode. The working electrode was a 1.0 mm diameter copper wire (99.99% minimum purity, Goodfellow, UK). The immersed part of the wire in the cell was curved in order to provide a mark for obtaining a consistent surface area. The auxiliary electrode was made of platinum (Certified Reagent, 99.99% minimum purity, Aldrich). Surface morphology and composition were investigated by SEM (Inspect TM F50, FEI) equipped with an electron microprobe.
The square wave with a preset amplitude and frequency was generated by a function generator (BK Precision, 4003). The desired lower and higher limits of the potential regime were obtained by adjusting the applied electrode potential from the potentiostat or the offset of the function generator. All reagents used were highly pure analytical reagent (A.R.) grade chemicals, and used as received from the suppliers, without further purification. Sulfuric acid (Aldrich, USA) and polyvinylpyrrolidone were supplied by Fluka (USA). The purging nitrogen was G5 Grade, 99.999% minimum purity, supplied by the International Gas Company, and coupled with Oxisorb® cartridge (Supelco, USA) to remove any residual traces of oxygen. All solutions were made from the above-mentioned reagents dissolved in purified water (Merck Millipore). 
Procedures Preparation of copper specimens
For cyclic voltammetry and polarization experiments, copper wires were chemically itched by immersion in 20% HNO 3 for 5 s , extensively rinsed with Millipore water, and mounted in the working electrode compartment in an electrochemical cell containing 1.0 M KOH. The electrode was cathodized at -1.2 V to remove any traces of oxygen from the surface. The surface was conditioned by cycling the electrode potential between -1.5 and 0.745 V. Reproducing a cyclic voltammogram similar to the well-known voltammogram of copper in 1.0 M KOH was taken as a criterion for copper electrode cleanliness [17] . A representative voltammogram of clean copper electrode under our experimental conditions is displayed in Fig. 1 . The voltammogram shows almost all the voltammetric features reported for copper voltammogram under similar experimental conditions. The details of these features are reported elsewhere [17] . Further experimentation was performed on validated-clean copper surfaces.
Weight loss experiments Weight-loss methodology for evaluation of the corrosion rate was conducted on 2 cm long, 1 mm diameter copper wire specimens. The specimens were pre-weighed to the nearest 0.1 mg and placed in an Erlenmeyer flask containing 0.1 M NaCl acidified with sulfuric acid to make a final pH of 2. The solutions were saturated with oxygen by continuous bubbling of oxygen into the solutions. The sulfuric acid-chloride solution was chosen as a corrosive medium, because, at one hand, sulfuric acid is widely used in copper plating industry, and, at the other, because the N-heterocyclic compounds are known as efficient inhibitors in sulfuric acid containing chloride ions [15] . Copper specimens were subjected to a square wave potential regime, with a set of preset experimental conditions (i.e., frequency, amplitude, upper and lower values of the square wave, and concentration of PVP). The pre-weighed copper specimens were immersed in the above-mentioned corrosive medium for 72 h. At the end of the test period, the specimens were rinsed, dried, and re-weighed on the analytical balance. Corrosion rate determination was conducted on two groups of samples. The first was the control group, where copper specimens were exposed to the inhibitor for 72 h. The second group included specimens which were subjected to square wave potential regimes in solutions containing PVP.
Electrochemical corrosion measurements
Electrochemical measurements involved three types of experiments. The first type involved reproducing the voltammogram of copper as an "electrochemical signature" for a clean non-oxidized polycrystalline copper surface. The second type of experiments involved investigation of adsorption of PVP at the copper electrode. The third type was concerned with polarization curves which were needed for calculation of the corrosion rate for the specimens subjected to the square wave potential regime and the control specimens. Electrochemical measurements were conducted in 1.0 M KOH solutions, because the voltammetric features are well-established in alkaline media rather than in acidic media [17] .
Results and discussion Adsorption of PVP on polycrystalline copper electrodes Fig. 2 shows the cyclic voltammograms of copper polycrystalline electrode in a 1.0 M KOH solution in addition to a variable concentration of PVP. The voltammograms display all the well-known reported voltammetric features of polycrystalline copper recorded in a 1.0 M KOH solution. This indicates that PVP does not alter the surface energy states of copper, but merely adsorbs and blocks a part of the electrode surface. The voltammograms (Fig. 2) show a monotonic decrease in the charge underneath all the peaks on the voltammograms with an increased concentration of PVP. This can be attributed to the decrease in the real surface area of the copper electrode. This, in fact, is a consequence of the adsorption of PVP molecules onto copper surface. This also explains in part the mechanism through which PVP inhibits corrosion. Recording the voltammograms in a PVP-free 1.0 KOH solution, after exposure to the solutions containing PVP showed voltammograms that are identical to those recorded in the presence of PVP in the solutions. This observation indicates that PVP is stable on the copper surface and survives rinsing with purified water or a supporting electrolyte solution. This finding is a common belief that corrosion inhibitors inhibit corrosion by adsorption onto metal surfaces [14] . Fig. 3 shows the cyclic voltammograms of a copper electrode, after exposure to PVP, with application of a square wave potential regime at different frequencies, under identical experimental conditions. The voltammograms show a minimum charge underneath the voltammetric peaks of the copper electrode, upon application of a square wave with 500 Hz. Minimum charge underneath the voltammetric peaks is associated with maximum PVP coverage at the electrode surface.
Effect of applied square wave frequency on adsorption of PVP on copper surfaces
Thus, the 500 Hz frequency is the optimal frequency for application of square wave potential regimes to copper specimens for corrosion inhibition. The 500 Hz frequency presents an intermediate frequency between the two other investigated frequencies, 100 Hz and 1000 Hz. It is well known that, at high frequencies, the problems of charging current and ohmic potential drop prevent the electrode from acquiring the desired potential. At a lower frequency, 100 Hz, the number of pulses per unit time is lower than those at 500 Hz, which dictates a higher number of molecular rearrangements at the electrode surface. This decrease in the available surface area is expected to enhance corrosion inhibition. The effect of square wave frequency and exposure time on corrosion rate The effect of the square wave on corrosion rate was further explored by recording the polarization curves for plain copper, copper in presence of PVP, and copper in presence of PVP with application of the square wave (Fig. 4 shows a representative example). The corrosion rates were calculated for the three aforementioned surfaces, and the results are given in Table 1 . Linear polarization experiments were also conducted on plain copper, copper in presence of PVP and copper in presence of PVP with application of the square wave. From these experiments the polarization resistance was calculated for the three surfaces, and the results are also given in Table 1 . The results unequivocally show that there is an enhancement in corrosion inhibition upon application of the square wave to a copper electrode, in the presence of PVP. Moreover, the effect of square wave frequency and exposure time with application of the square wave was evaluated by weight-loss experiments, where the corrosion rates for copper specimens were calculated according to equation 1:
Corrosion rate (mpy) = (3.45x10 6 .w )/(A..t)
where mpy is the corrosion rate in mils per year, w is the weight loss, A is the geometrical surface area of the electrode,  is the density and t is the time of exposure to the inhibitor. The results of these experiments are shown in Fig. 5 . 5 shows a trend of enhancement of corrosion inhibition with an increased time of application of the square wave in presence of PVP. The influence of the increased exposure time on the corrosion rate can be explained as a result of the increased induced adsorption on the copper surface, caused by the application of the square wave (Fig. 2) . Explanation of the increased inhibition at 500 Hz and 1000 Hz may rely on the increase of the number of adsorption desorption episodes from the surface per unit time with an increased frequency. The number of adsorption/desorption episodes at 1000 Hz, however, is offset by potential drop and charging current problems. This explains the closeness in the enhancement of corrosion inhibition upon application of 500 Hz and 1000 Hz square wave potential regimes.
Scanning electron microscopy results Fig. 6 shows the SEM micrographs for a plain copper electrode, a copper substrate exposed to PVP under open circuit conditions and a copper substrate which was exposed to a PVP solution with the application of a square wave potential regime. The SEM micrographs indicate transformation of PVP on the surface of copper, from scattered dendritic form to a uniform layer covering the surface of copper. This indicates that the phenomenological influence of the square wave emanates from the increased adsorption coverage of PVP on the copper surface. This might be due to a better alignment of the heteroatom dipoles at the copper surface, as a result of alternating episodes of forward and reverse steps of the square wave. Figure 6 . SEM micrographs for (plain copper) copper exposed to a PVP solution at open circuit, and a copper specimen which was subjected to a square wave potential regime in an electrolyte containing PVP. Square wave parameters: frequency = 1000 Hz, E l = -1.5 V, E h = 0.7 V, amplitude = 2.2 V, exposure time = 5 min.
Conclusions
The present work has shown that application of a square wave potential regime to copper substrate decreases the rate of corrosion of copper and promotes inhibition efficiency of PVP. Adsorption of PVP was found to increase monotonically with the application time of the square wave potential regime. Adsorption of PVP at the copper surface was found to survive washing with water, or the supporting electrolyte solution. Rate of corrosion also was found to decrease upon application of square wave potential regimes in a PVP solution. Enhanced adsorption of PVP on the copper surface, and promotion of corrosion resistance by PVP, with the application of square wave potential regimes, may be explained on basis of enhanced PVP adsorption coverage induced by application of the square wave potential regime.
